Abstract. The light curve of the galactic micro-quasar GRS 1915+105 changes in at least thirteen different ways which are called classes. We present examples of the transitions from one class to another as observed by the IXAE instrument aboard the Indian Satellite IRS-P3. We find that the transitions are associated with changes in photon counts over a time-scale of only a few hours and they take place through unknown classes. Assuming that the transitions are caused by variation of the accretion rates, this implies that a significant fraction of the matter must be nearly freely falling in order to have such dramatic changes in such a short time.
Introduction
GRS 1915+105 is well known for its diversity of light curves (e.g. Morgan, Remillard & Greiner, 1997; Belloni et al. 2000) . RXTE has pointed at it numerous times and yet the light curve has remained largely unpredictable. Belloni et al. (2000) , in a model independent way, classified most of the light curves into twelve classes which are designated as χ, α, ν, β, λ, κ, ρ, µ, θ, δ, γ and φ. Naik et al. (2002a) showed that there is another independent class called ω. Alhough the light curve was observed to change from one class to another, the actual transition was never reported and therefore, the actual physical process which triggers a specific class transition has never been investigated.
It was predicted in several earlier papers using the advective flow paradigm Nandi, Manickam & Chakrabarti, 2000; Chakrabarti et al. 2002) that variation of the Keplerian and the sub-Keplerian accretion rates might cause class transitions. It was pointed out that there are actually five fundamental states differing only by Keplerian and sub-Keplerian accretion rates.
Ways in which the transition occurs between these states decide which class would be seen. It was also pointed out that the outflows play a major role in class transitions, since they interact with the soft photons and affect the spectral slopes as well. Recently, Chakrabarti et al. light curves directly show how QPOs occur at or near break frequency -a well-known observed phenomenon.
The frequency of oscillation is thought to be related to the inverse of the infall time-scale (Molteni, Sponholz and Chakrabarti, 1996) and as such should increase with the increase of the sub-Keplerian accretion rate undergoing the shock transition as the cooling rate is increased. This general behaviour has also been observed (Remillard et al. 1999) .
In this paper, we present a large number of examples of the 'rare' class transitions, all of them being from the In- Finally, in Section 4, we draw our conclusions.
Observation of Class Transitions
The results we discuss in this section were obtained by in 1st, 3rd and 5th orbits of June 22nd, 1997 (see , Table 1 ).
GRS1915+105 was (a) in the κ class, (b) in an unknown class and (c) went to the ρ class on that day. Lower panels show how s φ distinctly change. Specifically it is noisy during the transition.
In Table 1 , we present the log of the observations we report in this paper which showed class transitions. The first Observation time at the begining of the second orbit
In Fig. 1(a-c) , we present the light curves (2 − 18keV) of the June 22nd, 1997 observation in the upper panel and the mean photon index (MPI) in the lower panels.
The MPI s φ is obtained using the definition: where N 2−6 and N 6−18 are the photon count rate from the top layer of the PPC and E 1 and E 2 are the mean energies in each channel. Thus, E 1 = 4keV and E 2 = 12keV respectively. We have thus normalized the count rate per keV and then obtained the slope in the log-log plot since we expect a power-law slope in the 4 − 12 keV range. The panel 1a is in the so-called k class (Belloni et al., 2000) . The panel 1b is in a unknown class and the panel 1c clearly shows the transition from the unknown class to the so-called ρ class. The panels are separated by about three hours.
In the lower panels, the s φ oscillates between ∼ 2.4 to ∼ 1.4 in Fig. 1a very systematically. In Figs. 1b and 1c , the unknown class produced very noisy photon spectral slope variation. As soon as the ρ class is achieved after one 'semi-ρ' oscillation, noise in s φ is reduced dramatically.
The IXAE observation of the 23rd, 24th and 25th of June, 1997 showed that the system was still in ρ class after the transition on 22nd of June, 1997. Subsequently, on 25th June, 1997 there was another transition to χ and it returned back to ρ. It remained in ρ class on the 26th
of June before returning to κ on the 27th. Thus κ →< unknown >→ ρ →< unknown > ρ →< unknown >→ κ transitions took place in a matter of five days. The exact time and duration of the last transition mentioned above could not be seen because of the lack of observation.
In Fig. 2 (a-c) the observation of IXAE on 25th of June, 1997 is presented. The panels are separated by about one and a half hours. Here too, the upper and lower panels represent variation of photon count rates and s φ respectively.
In Fig. 2a , the GRS 1915+105 is in the so-called χ-like class, though the photon count rate showed considerable variations, not characteristic of χ. Correspondingly, the average spectra also softened as is suggested by the gradual decrease in s φ . In Fig. 2b , this trend continued until a 'semi-ρ' class was achieved and the noise in the photon spectra went down. In Fig. 2c , after one full orbit, the count rate went up further by about a factor of four and a steady ρ state was achieved. The average (photon) spectral index s φ was ∼ 1.75 in Fig. 2a , but it became ∼ 1.9
in Fig. 1c , indicating general softening.
In Fig. 3(a-b) we show the light curve and s φ from IXAE data obtained on the 8th of June, 1999. The two panels are from two successive orbits ∼ 80 minutes apart.
In Fig. 3a , the count rate was very high compared to what is expected from a typical χ state although the power density spectrum (PDS) is typical of that of the χ class. A QPO at 4.7Hz is present. The s φ is 0.85 which is harder than what is observed in Fig. 2 . When combined with RXTE data of that date (Fig. 3a) , one finds that for a long time (∼ 3000s) there was no signature of any 'dip'
which is the characteristic of the θ class. Hence, this must be in an unknown class, more close to χ than any other.
RXTE also observed this object on the 7th of June, 1999 or spectral index. The object was in a class similar to χ but the count rates were a factor of 10 − 20 times higher. There is a gap of 44 minutes in the two RXTE data presented in (a) and (b). In (b), the object is distinctly in the θ class. RXTE data is less noisy than the IXAE data because of higher counts. It was binned in 2 − 6 and 6 − 15keV before computing s φ so that comparison with IXAE could be made.
and found the object to be in the χ class. In Fig. 3b , the light curve in the next orbit of IXAE shows evidence of the so-called θ class. Interestingly, the spectra gradually 'hardened' to s φ ∼ 0.6 just before the 'dip'. The spectra characteristically softened in the 'dip' region with s φ ∼ 1.4
as the inner edge of the disk disappeared. This class transition is confirmed in the data of RXTE also shown in Fig. 3b . The lower panels showed that the spectral slopes obtained for RXTE data calculated in a similar way to s φ was calculated (Eqn. 1). Here, the photons were first binned in 2 − 6 keV and 6 − 15keV (In epoch 4 of RXTE, the science data is available in a maximum of 35 channels. Thus the energy channel width could not be made identical to 6 − 18keV as in IXAE) before computing s φ from
where E 1 = 4keV, E 2 = 9keV and E 3 = 10.5keV. Note that there is a large difference between the mean spectral slopes calculated from IXAE and RXTE data. The main reasons appear to be (a) by decreasing E 2 from 18keV in IXAE to 15keV the value of s φ is increased by ∼ 15 per cent. (b) usually the spectrum in the low state (as in between the 'dips' in the θ class) has a harder tail for energy above 12keV. Thus decresing the binsize limit from 18keV to 15keV decreases the photon counts in harder parts of the spectrum. These two combined effects cause the mean spectrum of RXTE to be softer. Its lower noise is clearly due to its very high count rates (about 50 times higher than IXAE) for its higher effective surface area (6500cm 2 as opposed to 400cm 2 for one of the detectors of IXAE) and its usage of xenon as opposed to a mixture of 90 per cent argon and 10 per cent methane.
To show that the class in Fig. 3b is indeed that of the θ class, we plot in Fig. 4 the power density spectra.
This showed a characteristic break at BF ∼ 0.1Hz and the HFQPO at 5.4Hz with a broad 'Q' weak QPO at the break frequency. The PDS of the light curve (Fig. 3a) in the previous orbit is χ-like and it does not show any LFQPO, BF/IFQPO or VHFQPO.
In Fig. 5(a-b) , we show another example of a class transition in which the light curve in the 'ρ' class ( Fig. 5a) goes over to the so-called α class (Fig. 5b) . This is from the IXAE observation on the 25th of June, 2000. The count rate in this 'ρ' class was much higher than that seen in
Figs. 1 and 2 and the photon spectral index in the lower panel also showed that the spectra are harder (average s φ ∼ 0.65 as compared to ∼ 1.8 in Fig. 1 and ∼ 1.9
in Fig. 2.) . So, it could be an intermediate class. In the The change of class is also reflected in Fig. 6 where the time dependence of the power density spectra (PDS) is plotted. Along the Y-axis, the frequency (ν) of the PDS is presented. The power (P) itself is marked on the contours plotted: solid curve, dotted curve and dashed curves are for log(P ) = −0.5, −0.8 and −1.2 respectively. Note that In (a), the class is similar to ρ but the count rate is higher and the recurring time-scale between bursts is large (∼ 100s). In (a), the spectral index is less noisy but in the beginning of (b) it becomes noisy though superficially it is still in 'ρ' class. After transition it went to the so-called α class and s φ becomes very noisy.
the highest power remains at around log(ν) ∼ −2 in the ρ state. A weaker peak occurs at around log(ν) = −0.85.
However, after the transition, the dominant frequency seems to be at around log(ν) ∼ 0.4 which corresponds to ν ∼ 2.5Hz.
Possible nature of the accretion flow emerging from class transitions
The first and the most important point to note is the variation in the count rate in the pre-transition period and the duration of a transition. The variation in the count
